In this study, employing a database of 19 concrete face rockfill dam (CFRD) cases, two prediction methods for post-construction settlement of CFRDs are presented. In the first method, post-construction settlements are estimated using height of the embankment. In the second method, characterization of the stress-strain behavior of the compacted rockfill layers during construction allows prediction of the subsequent stress-strain-time behavior of the embankment. Knowledge of rock particles strength is necessary in both methods. In the presented methods, settlements are estimated separately for each of the three life-cycle phases: before, during and after impoundment. The presented results show that, in addition to addressing some limitations of previous methods, the proposed approach is precise and highly practical. It also allows a better understanding of rockfill deformation mechanisms. Apart from using this method for predictive purposes, the presented graphs can be used to distinguish unexpected settlement behavior of a CFRD during its post-construction lifespan.
D r a f t

Introduction
The origin of rockfill dams can be traced back to the mining region of California Sierras, in the 1850s.
Rockfill dams were of the impervious face type, constructed by dumped rockfill, until earth core dams began to be developed in about 1940. The period from 1850 to 1940 is called the early period by Cooke (1984) . The dumped (in 18 m -60 m lifts) concrete face rockfill dams (CFRD) performed safely, but the leakage problem became more serious as dams became higher, due to high compressibility of dumped rockfill. During the years 1940 to 1970 (called transition period by Cooke 1984) earth core rockfill dams became more popular due to higher flexibility of earth materials, and consequently more compatibility with dumped rockfill. Additionally, mostly during the period 1955-1965, a transition developed to the use of sluiced rockfill in thinner layers of 3-3.6 m subsequently compacted by construction truck and dozer traffic. The period after 1970, when compacted and sluiced rockfill was used in construction of rockfill dams of both concrete face and earth core type is called the modern period (ICOLD 2010) . This study D r a f t 5 representations of in-situ conditions considering the variety of materials used in different zones or even in a single zone of a dam. When studying long-term deformations, load application periods are also limited in the laboratory compared to reality. Moreover, no laboratory experiment can apply the same stress path to the sample as in the field.
Numerical models must be calibrated using laboratory experiments, which are prone to the abovementioned uncertainties. Also, there are uncertainties about using concepts from classical soil mechanics to evaluate the strength and deformation behavior of rockfill. Accordingly, so far, the design of rockfill dams has been mostly based on engineering judgment and experience.
There are several studies in the literature in which settlements of different typical rockfill embankments, including CFRDs, are compared in order to find a settlement prediction method. These studies are categorized into two groups. The first category consists in studies in which an implicit equation is suggested to calculate dam crest settlement. These equations are mainly of three types: logarithmic strain versus time (Sowers et al. 1965) , power type (Soydemir and Kjaernsli 1979) , or strain rate versus time (Parkin 1977) relationships.
The second category includes more recent studies, which suggest a qualitative judgment procedure to predict settlements. For instance, Clements (1984) , conducting a study on post construction crest deformations of 68 rockfill dams, suggested predicting the crest settlements by comparing the dam with previously monitored dams with similar characteristics. The major drawback of this approach is that there are many influencing factors which can lead to a high degree of subjectivity. Milligan and Coyne (2005) prepared a database of 95 rockfill dams, with which they questioned the statements of previous researchers who claimed that rockfill dams settle a maximum 0.02% of their height per year after three years from the end of construction. They also concluded that because of the considerable amount of variables involved, it is unreliable to use the empirical formulas to predict deformations.
One of the most comprehensive and practical studies on post-construction settlement of CFRDs was D r a f t carried out by Hunter and Fell (2002) . They suggested some empirical methods to predict the rockfill modulus during construction, crest settlement due to impoundment and the rate of time-dependent crest settlement. They divided the post-construction deformations into two parts: time dependent crest settlements and crest settlement under stresses from first filling. For the post-construction settlements, they suggested that the time datum begin at the end of main rockfill zone construction. The crest settlement attributed to first filling takes place from the beginning of impoundment to a limited time after the end of impoundment. The two components are shown in Fig. 1 for the Bastyan rockfill dam. Hunter and Fell (2002) suggested that the rate of long-term crest settlement, α, as well as the crest settlement attributed to first filling can be estimated considering dam height, the rockfill placement method and the unconfined compressive strength (UCS) of rockfill materials.
In this study, first, the empirical method for prediction of the post-construction settlements of concrete face rockfill dams (CFRDs) by (Hunter and Fell 2002) is modified by changing the time datum for the settlements after impoundment and considering different relative crest settlement rates for the periods before and after impoundment. Also, using a data base of 19 CFRD cases, a novel prediction method is presented using behavior of the embankment during construction. Then, comparing the relative settlement rates before and after impoundment, some aspects of long-term mechanical behavior of compacted rockfill material are put into perspective. Finally, an example application of the prediction methods is presented.
Post-construction crest settlement prediction methods
In the method presented here, it is assumed that the post-construction deformations take place in three phases: 1) time-dependent deformations after construction and before impoundment; 2) deformations during impoundment; and 3) time-dependent deformations after impoundment ( Fig. 2.a) . The settlements attributed to each phase are calculated separately.
For the time-dependent deformations after construction and before impoundment, the time datum is the D r a f t 7 end of construction. However, for the long-term crest settlements after impoundment, the time datum is the end of impoundment. This has two major advantages.
First, since the stresses inside the dam body change during the impoundment period and stay almost constant after the end of impoundment, it is reasonable that the time datum for the time-dependent deformations be the end of impoundment. Therefore, the settlement rate values (α 2 in Fig. 2 .b) are more representative values, when comparing to α values in Fig. 1 . This is the same concept as setting the time to zero for every load increment within an oedometer test.
Second, as it is shown in Fig. 2 .a for Bastyan dam and observed in almost all of the case studies, it takes almost one year after the impoundment for the settlement data points to fall onto a line in semi-log scale.
In the method presented by Hunter and Fell (2002) , it is assumed that deformations that take place from the beginning of impoundment to the end of this time lag attribute to the effect of first filling. Also, no indication was given how the length of this delay can be calculated. Because of the nature of graphs drawn by logarithmic scale, this delay changes the crest settlement calculations significantly. Therefore, making settlement predictions using the method presented by Hunter and Fell (2002) is complicated.
On the contrary, in this study, by changing the time datum, the data points after the impoundment will lie onto a line in semi-log scale almost right after the end of impoundment (Fig. 2.b) . Therefore, if the time datum is set to the time after which stresses remain almost constant in the embankment, i.e. end of impoundment, the settlement of the crest will fall onto a line in semi-log graph. This is in-line with the generally observed behavior of rockfill materials, which show logarithmic creep deformations with time (e.g., Sowers et al. 1965; Marsal 1973; Clements 1981; Alonso et al. 2005) . It also allows using this approach to predict the post-construction deformations.
In order to develop a prediction method, for the two time-dependent phases, the crest settlement rates per height of embankment (relative crest settlement rates, α 1 and α 2 in Fig. 2 .a and Fig. 2.b, respectively) , and for the reservoir filling phase the maximum crest settlement attributed to impoundment per height of the embankment (relative crest settlement attributed to impoundment, S imp in Fig. 2.a) are considered. The crest settlements, as well as dam heights, were normally measured at cross sectional locations with maximum height for each case. For all the three phases, the crest settlement is shown to be predictable, knowing unconfined compressive strength of intact rock and one of the following: dam height, or the rockfill mechanical behavior during construction. To take strength of rockfill particles into account, the data are presented separately for the dams constructed of high strength rockfill zones, or, of very high strength rockfill zones as classified by the Australian code (Table 1 ). This means that the rockfill used in the construction of the dam has been extracted from quarries, where the intact rock has been characterized to have the average strength classified as high or very high strength within Table 1 .
In this study, no case with dumped rockfill was studied because of the lack of quality and quantity of data in such cases, and the point that the mechanical behavior of dumped rockfill is considered to differ entirely form compacted rockfill. Therefore, here, the placement method is not directly considered as an influencing factor. Also, since the rockfill used in all of the studied cases is of quarried origin, the influence of shape of particles could not be studied.
The database used in this study is mostly adapted from Hunter and Fell (2002) , but also from (Kermani 2016). Nevertheless, the cases with high quality data on post-construction deformations as well as behavior during construction are chosen. Table 2 presents a summary of properties of embankments as well as the rockfill used in case studies. The CRFD cases constructed of very high strength rockfill materials (above) are separated with a line from the cases of high strength rockfill (below). D r a f t 9 A typical cross section of a modern CFRD is shown in Fig. 3 . The main rockfill zones are Zones 3B and 3C. Usually, rockfill is coarser and is placed in thicker layers in zone 3C compared to zone 3B (layer thickness and maximum rock diameter are usually limited to 1 m for Zone 3B, and 2 m for Zone 3C). The central variable zone in this figure shows variations in the size of these two zones in design practice around the world. Zones 1A and 1B are earthfill zones, and Zones 2B and 3A support the concrete face slab. The data presented in Table 2 mostly associate with rockfill placed in zone 3B and also in Zone 3C.
Post-construction crest settlement prediction method using dam height and rock strength
In the following, the three phases of post-construction settlement are compared with dam height for different rock strength categories. The adopted concept is the same as Hunter and Fell (2002) ; however, here, the time datum for the third phase is moved to the end of impoundment and different rates are considered for the relative crest settlements before and after impoundment. Additionally, the crest settlement attributed to first filling is considered to finish by the end of impoundment period. These changes yield more consistent results and facilitate the application of the prediction method.
Crest settlement rate before beginning of impoundment vs. dam height Fig. 4 presents relative crest settlement rates after the end of construction and before start of impoundment versus corresponding dam heights. Despite the lack of data for dams of high strength rockfill, the graph shows an increase in the relative crest settlement rate with height. The effect of dam height on the relative crest settlement rates in this phase is associated with the fact that the rate of creep deformation of rockfill material is a function of stress level.
Extrapolating from the trendlines drawn in Fig. 4 , the settlement rate is negligible for dams with heights of less than around 25 m to 40 m for high strength and very high strength rockfills, respectively. In other words, at stress levels smaller than certain values rockfill time-dependent deformations are not significant. This is consistent with the observations in laboratory oedometer and isotropic loading D r a f t experiments on granular materials that indicate a threshold stress for stresses lower than which, creep strains are negligible (Marsal 1973; Clements 1981; Colliat-Dangus et al. 1988; Oldecop and Alonso 2007) .
Crest settlement attributed to impoundment vs. dam height
In CFRDs, the deformations during the impoundment period are associated with an increase in stresses inside the dam body due to the reservoir load on the upstream surface. Simple finite element modelling (further explained in Fig. 12 ) shows that during impoundment of CFRDs, both mean and deviatoric stresses increase on the upstream side of the dam body. However, mean stress increases more significantly and consequently, the shear stress ratio decreases. Therefore, the settlement of the crest in this phase is considered to occur mostly due to increase in the mean stress. In addition to the stress level increase, collapse due to wetting might also contribute to the settlements during impoundment. Wetting collapse occurs in rockfill structures due to the strength loss caused by increasing the amount of water in contact with rock particles. The rockfill moisture content might increase due to malfunctions of the concrete face, high downstream water level or penetration of water to downstream rockfill due to excessive precipitations. However, the effect of rockfill wetting collapse is not studied in details in this paper.
In this study, in order to obtain the deformations due only to stress increases caused by reservoir loading, the time-dependent component of settlements was subtracted from the total settlements during impoundment. To do so, the rate of time-dependent settlement during impoundment period (2 nd phase in 
Crest settlement rates after impoundment vs. dam height
Relative crest settlement rates after impoundment (α 2 ) are drawn versus the embankment heights in Fig. 7 .
For the dams of very high strength rockfill zones, the relative crest settlement rate increases slightly with dam height and is almost similar for all of the cases. The value is less than 0.05 for all of the studied dams. This means that for a 100m high dam, the crest settlement attributed to time-dependent deformations after impoundment is less than 14cm in 50 years of operation.
In the CFRDs constructed of high strength rockfill, there is a clear tendency of increasing relative longterm crest settlement rates with dam height. Although Fig. 7 generally correlates with the findings of Hunter and Fell (2002) , when comparing the data with an adjusted time datum with the same data presented by Hunter and Fell (2002) Similar to the data presented for post-construction settlements before impoundment, the dependence of relative settlement rates after impoundment on embankment heights tends to decrease with dam height. In other words, the evolution of relative settlement rates with dam height is nonlinear. It is also worth noting that, Shuibuya and Winscar dams fall off the general trend in this figure.
Despite the similarity of the general trend of relative settlement rate versus dam height curves before and after impoundment, the relative settlement rate values before impoundment are generally smaller comparing to those after impoundment. This aspect will be further examined in this paper.
Post-construction crest settlement prediction method using rockfill modulus and rock strength
The previously presented method has the following limitations:
-The embankment height does not perfectly represent the dam's geometry. Embankment slopes and valley shape are also influencing factors.
-Unconfined compressive strength of intact rock is not the only material parameter which affects the post-construction settlement of CFRDs. In order to reach a more reliable prediction method, a parameter shall be defined which also takes into account the shape and gradation of particles and the compaction method.
Therefore, a novel approach is introduced here, in which the post-construction settlements are determined using the dam's deformation behavior during construction. This method is adapted from the well-known concept that the secondary compression index C α and compression index C c are related for different types of earth materials. In other words, the time-dependent mechanical behavior of a material in constant stress In this study, the secant modulus of the main rockfill zone at the end of construction (equation (1) and Fig. 8 ) is used to illustrate the behavior during construction. The rockfill secant modulus, for a certain rockfill layer, at end of construction can be defined by dividing the calculated vertical stresses by the strains inferred from readings of settlement gauges:
where, as shown in Fig. 8 , ݀ ଵ is thickness of the considered layer, ߛ is the unit weight of the above fill layers, and, ߜ ௦ is the vertical displacement of the considered layer. In order to calculate the moduli, the stress at the mid-height of the layer ߪ ௭ is considered in this paper and is calculated using a simple linear elastic numerical analysis. In this way, the effect of embankment shape on vertical stress is taken into account. Other than Shuibuya, Tianshengqiao and Winscar dams for which the moduli are calculated by the authors, in this section, the values of modulus during construction, E RC , are taken from Hunter and Fell (2002) . These values are calculated for the lower half to one third of the dam height. Note that, this modulus calculation method differs from that of Fitzpatrick et al. (1985) , Pinto and Marques Filho (1998) ,
and Giudici et al. (2000) , in the sense that first, here, the shape of embankment is considered; i.e. the vertical stress is not simply taken as the multiplication of fill height to fill density. Secondly, in order to determine the modulus, the vertical stress is calculated in this paper for the mid-height, instead of the top, of layer. The calculated stress at mid-height is supposed to yield the average vertical stress of layer. An example of modulus calculation is presented later in this paper.
Crest settlement rate before beginning of impoundment vs. rockfill secant modulus
The relative crest settlement rates before impoundment are shown versus rockfill secant modulus at end of construction in Fig. 9 . For the dams where the main rockfill zone is constructed of very high strength rockfill, there is a slight decrease in the relative crest settlement rate, α 1 , with secant modulus at the end of construction. For the dams where the main rockfill zone is constructed of high strength rockfill, the relative crest settlement rate decreases more clearly with rockfill secant modulus. In other words, the stiffer the rockfill layers are during construction, the less settlement they undergo in the post-construction period. A power law curve is fitted to the curve in order to allow its use for predictive purposes.
The Mackintosh dam, which was considered as an outlier in Fig. 4 falls inside the generally expected trend in Fig. 9 . This shows the reliability of this predictive approach. Since the in-situ behavior of the same structure is being used for prediction, it reduces the shortcomings of the other prediction approaches.
Crest settlement attributed to impoundment vs. rockfill secant modulus
The concept of linking the load-deformation behavior of the dam during construction to its behavior afterwards is also used here. Fig. 10 presents the relative crest settlement attributed to impoundment versus average rockfill secant modulus at end of construction for different CFRDs. Once again, the higher the secant modulus of the rockfill at the end of construction, the lower the dam's relative settlement attributed to impoundment. However, the effect of intact rock strength is not significant here. Except for one case, CFRDs constructed of both very high and high strength rockfill zones lie along the same general trend line. In other words, by comparing the settlements caused by impoundment with rockfill secant modulus, the effect of rock intact strength decreases. Note that, since in the case of CFRDs deformations during both construction and impoundment represent stress-strain behavior of their materials due to gradual increases in stress level, the existence of a relationship between the two phases is quite rational.
Crest settlement rate after impoundment vs. rockfill secant modulus Fig. 11 shows the long-term relative crest settlement versus rockfill secant modulus for the studied CFRDs. The same trend as settlement rates before impoundment (Fig. 9) is observed here. The only difference is that, after impoundment, the relative settlement rates are generally higher than those in Fig. 9 and the difference between the trend lines, for the two strength categories, is more evident.
It is interesting to note that despite very high strength of rockfill in Foz Do Areia and Reece dams, the rockfill has low secant modulus at the end of construction, even less than some of the high strength rockfills. Additionally, as can be seen in Table 2 , rockfill void ratio is high for the two cases. Therefore, it can be inferred that the void ratio affects the rockfill stress-strain behavior during construction more than the intact strength of rock particles. But, for the time-dependent deformations, the intact strength is more influential.
Winscar and Shuibuya dams, which were outside the trends observed in the graphs of α 2 versus dam height, fall well inside the trend in Fig. 11 . This shows the efficiency of the current method. It is also worth noting that the Winneke dam, which was outside the trend observed for the long-term relative crest settlement (after impoundment) of dams constructed of high strength rockfill, is well inside the expected trend in the other two sections (time-dependent settlements before impoundment and settlements attributed to impoundment). This validates the hypothesis that its unexpected behavior during the longterm settlement phase is due to the delay in completion of impoundment.
A summary of the parameters calculated for the studied cases and used in the previous three sections is presented in Table 3 .
Comparison between time-dependent deformations before and after impoundment
In this section, the relative crest settlement rates before and after impoundment are compared to study the effect of changes in stress distribution and properties of materials on time-dependent deformation of D r a f t
CFRDs. In order to compare the stress state inside an embankment before and after impoundment, a generic 100m high embankment having slopes of 1 vertical to 1.4 horizontal was modeled using the Plaxis 2D Hardening soil model. This model, which uses theory of plasticity to reproduce hyperbolic axial strain-deviatoric stress in a drained triaxial test, and, includes soil dilatancy, is quite common in modeling rockfill embankments. The mechanical parameters used for the model are presented in Table 4 .
In the table, ‫ܧ‬ ହ and ‫ܧ‬ ௨ are the secant modulus in 50% of maximum shear stress and unloading/reloading stiffness in a standard triaxial test, respectively; ‫ܧ‬ ௗ is the tangent stiffness for primary oedometer loading at a reference stress, ‫‬ ; and m is the power for stress level dependency of the stiffness moduli:
where ߪ is "minimum principal stress" for ‫ܧ‬ ହ and ‫ܧ‬ ௨ and "minimum principal stress over ‫ܭ‬ " for ‫ܧ‬ ௗ . ‫ܭ‬ is the ‫ܭ‬ value for normal consolidation, ߴ ௨ is the Poisson's ratio for unloading/reloading and ܴ is the failure ratio (ultimate over asymptotic deviatoric stress). C, ߮, and ߰ are cohesion, friction angle, and dilation angle respectively.
The construction of the generic embankment was modeled using the software's staged construction option in which 10 m lifts were considered. After construction modelling, the reservoir load was applied on the impervious upstream face in a single stage. The computed mean effective stress, deviatoric stress and relative shear stress (τ mob /τ max ), before and after application of reservoir load are shown in Fig. 12 . τ mob is the mobilized shear strength or the radius of the Mohr circle and τ max is the maximum value of the shear stress, for the case when the Mohr circle expands and touches the coulomb failure envelope considering a fixed center. Therefore, τ mob /τ max is an indicator of the proximity of an element to the failure envelope and varies between 0 for isotropic stress state to 1 for failure state. As can be seen, by applying reservoir load, both mean and deviatoric stresses increase on the upstream side and centerline of the embankment.
However, the mean stress increases more significantly and the relative shear stress, decreases in the D r a f t upstream side of the embankment. While stresses generally increase inside the embankment, if considering a Coulomb failure criterion, the material moves away from failure state due to the induced stresses. This is an advantage of CFRDs compared to other types of embankment dams, where impoundment increases the risk of slope instability. Additionally, it can be implied that the instantaneous, as well as long-term deformations, caused by impoundment in a CFRD is mostly due to increase in confining pressure rather than shear stress.
Returning to the data from studied CFRDs, Fig. 13 shows how the settlement rates before and after impoundment compare for different cases. Despite some exceptions, the relative settlement rates become larger after impoundment. Generally, the α 2 /α 1 ratio lies between 0.8 and 2.5. The relative crest settlement rate after impoundment, α 2 is very small for Winneke dam because it has undergone a very long settlement period before the end of impoundment (5.4 years). Neglecting this case, generally, the dams constructed of high strength rockfill zones show higher α 2 /α 1 values in comparison with those constructed of very high strength rockfill. It can be inferred that for the rockfill of lower strength, the strain rate is more influenced by the stress level than the rockfill of higher strength. This is in accordance with the results of the previous sections where the relative crest settlement rates of dams constructed of very high strength rockfill zones show less dependency on the dam height.
Reservoir impoundment has two influences on the behavior of CFRDs: first, as discussed previously, the stress distribution inside the dam changes due to the load application on the upstream face; second, the rockfill material undergoes changes, some of the cracks inside the particles propagate, and particles break and fill the voids. Additionally, some of the asperities of the particles break. The change in properties throughout the time, and normally stiffening of the material, is called the aging effect. The first aspect results in larger time-dependent deformations while the second generally leads to smaller deformations.
As can be seen in Fig. 13 , in most of the studied cases, the first mechanism is prevailing (right side of α ଶ = α ଵ line) and in some, the second one is dominant (left side of α ଶ = α ଵ line).
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In order to study the ageing effect, the ratios of relative crest settlement rates, after and before impoundment, ߙ ଶ /ߙ ଵ , are drawn versus the elapsed time between end of construction and end of impoundment (start of the third phase) (Fig. 14) . A clear trend can be seen in this figure for the dams constructed of high strength rockfill. As the time interval increases, the ratios of settlement rates decrease.
In other words, the longer the time before start of the third phase (the end of impoundment), the more significant the effect of aging and the less the dam's crest settlement in the period afterwards. The
Winneke dam, which was considered an outlier in Fig. 13 , falls very well inside the trend in Fig. 14. For the dams constructed of very high strength rockfill on the other hand, no clear trend is observed. This may indicate that the aging effect is more influential in the less stiff rockfill, where the particles break more frequently and the voids fill more often between the rock particles. Therefore, the number of inter-particle contact points increases and less breakage takes place in the subsequent phase.
Example of post-construction crest settlement prediction
The La Yesca dam in Mexico, a 208m high and 628m long structure, was chosen to permit an actual prediction of the post-construction settlement of a CFRD. This can be considered as a "class B" prediction according to (Lambe 1973) Thus, the modulus will be:
Conducting the same procedure for two other layers adjacent to the foundation with different thicknesses, an average modulus of 210 MPa was calculated for prediction. Now, using the calculated rockfill secant modulus, extrapolating from Fig. 9 , α ଵ , equals 0.02% per log cycle of time (time-dependent settlement during impoundment period would equal 0.02% of dam height using the same method as in equation (3). Likewise, implementing Fig. 10 , the crest settlement attributed to first filling equals 0.02% of dam height, i.e. 4 cm. Also, using Fig. 11 , the relative crest settlement rate after impoundment, α ଶ , equals 0.025% per log cycle of time i.e. 0.07% (or 13.5 cm) in 50 years after impoundment. The relative settlements calculated using this method are shown in Fig. 18 for the periods before and after impoundment. Table 5 , presents a summary of estimated parameters for post-construction settlements of La Yesca dam.
The second method yields smaller settlement parameters compared to the first method. The settlements of La Yesca dam during construction were small compared to similar dams. This yields very large modulus for rockfill and consequently, small values for post-construction settlement. It is expected that the values from the modulus method yield more reliable estimations. It must be noted that as the annual rainfall histogram of the dam indicates, the impoundment period of the dam includes two rainy seasons with maximum monthly precipitation of 300 mm. Therefore, it can be anticipated that the settlements during impoundment be higher than the estimated values due to wetting collapse, especially if the rockfill had not been sluiced during construction.
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Limitations of the presented methods
In this study, the unconfined compressive strength of intact rock was used to characterize the rock quality.
However, the susceptibility of the rock to lose its strength while in contact with water, which leads to collapse due to wetting in rockfill, must also be considered. This aspect is of essential importance in areas with high precipitation and where rockfill is not watered during construction. The Roadford asphaltic concrete face rockfill (sandstone and mudstone) dam (Charles 2008) Martin Gonzalo (32MPa and 16MPa respectively). Therefore, low rockfill secant modulus at end of construction can be also an indicator of susceptibility to wetting collapse. This aspect needs further investigation.
It must also be noted that the presented method is a phenomenological approach. While all of the estimations and calculations in this study depend on the definition of the time datum, according to Leroueil (2001) , any change in the time frame datum must not change results of the response of a system due to the axiom of objectivity. Nevertheless, the guidelines presented here, yield a representative engineering estimation of the post-construction behavior of the CFRDs.
Conclusions
In the presented study, the post-construction crest settlement of CFRDs is linked to the in-situ mechanical properties of rockfill during construction and the geometry of the embankment through an empirical method. The presented methods can be used to overcome some limitations of numerical models and laboratory experiments such as scale effects, difference between densities and moisture contents in the field and in laboratory, diversity of materials in a rockfill embankment and complexity of stress paths in the field. Additionally, after assessment of the time-dependent settlements of the studied cases, ageing is 
